The Czochralski method of crystal growth is used since 1950s in scientic and industrial laboratories for growth of single crystals of large size and high quality. The article presents the general characteristics and selected improvements of the Czochralski method, and discusses its meaning and advantages in growth of silicon single crystals playing a key role in microelectronics.
The Czochralski method of silicon crystallization
In the era of semiconductor electronics, monocrystalline silicon remains a basic and widely used material [14] . It will probably continue to dominate in the world of electronics for many years to come. The rst material in history, though, on the basis of which the invention of a transistor was made (1948) was germanium (Ge). In order to produce a germanium single crystal, the molten germanium was held in a graphite crucible, and the crystal grew from a seed initially immersed in the liquid and later slowly pulled upwards. This method of crystallization was described in 1916 by Jan Czochralski, a scientist and inventor (for his life and scientic achievements, see [5] ). During the rst years after invention, Czochralski focused his studies on determination of the rate of metal crystallization. In later investigations, he proved that materials produced using this method are single crystals. They were not single crystals in today understanding, though, they were threads of such metals as zinc, tin and lead. At the time there was no need whatsoever for monocrystaline materials, as all materials industrially exploited at that time were polycrystalline. Properties were studied such as textures, martensitic structures; recrystallization, mostly in order to improve the mechanical properties.
Returning to the subject of this article, it must be pointed out that despite technological progress and development in the examination of semiconductor devices, the Czochralski crystallization method applied to semiconductor materials, in particular to silicon, remained essentially the same since the 1950s. It is commonly called the Czochralski method (for a detailed description of the method see, e.g. [68] ). On the following pages, the characteristics of the method, contributing to its success are discussed, taking into consideration the mechanisms of crystallization and technological progress observed in the last decades. The discussion is focused on crystallization of silicon, a material which became irreplaceable in electronics and microelectronics. At the present time, silicon crystals are produced in tens of thousands of tons, annually. The broad use of silicon is due to both, its physical and technological characteristics as well as availability of resources (the primary resource of silicon is SiO 2 ).
Silicon has a unique characteristics of forming, on its surface, an ultrathin passivating oxide lm. Ther- 
where C dopant concentration, k coecient of dopant distribution, C 0 concentration of the dopant before the beginning of the process, g the crystallized material to charge ratio.
General characteristics of commercially grown silicon single crystals includes the data on typical dopants, crystal orientation, growth rate and other technological parameters as well as on the quality and purity:
Technological parameters:
• Typical dopants: boron (B), phosphorus (P), antimony (Sb) and arsenic (As),
• Crystal growth directions: 111 , 100 , 110 , 112 ,
• Atmosphere: most often argon (Ar). Gas ow rate of 1550 l/min most often in exhaust vacuum of 10200 Tr.
• Rate of crystallization: 0.52.0 mm/min,
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• The charge and crystal diameter: up to 150 kg and 300 mm, respectively,
• Homogeneous temperature distribution: achieved through both, the crucible rotation (usually 320 rpm) and rotation of pulling rod (with a Si seed attached) rotation (usually 530 rpm),
• Crucible material: usually pure melted quartz (rarely synthetic quartz),
• Material of heater and container for quartz crucible:
high purity graphite,
• Liquid level during growth: typically, automated maintenance of a xed level of the liquid is applied.
Characteristics of grown Si crystals:
• Typical structural quality: dislocation-free crystal.
• Usual carbon content: < 2×10
16 at./cm 3 ,
• Usual oxygen content:
17 at./cm 3 .
3. Silicon crystal growth process requirements. • Thermal turbulences appear in molten silicon of a large mass;
• Overheating of quartz crucibles is observed for crucibles of increased diameter and when the distance from the wall of the crucible to the side of growing single crystals is large;
• The large amount of molten silicon in itself has a negative inuence on the crystal puller;
• Large electric power is needed to maintain a large mass of silicon in molten state.
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These factors entail large costs and cause diculties in maintaining the high quality of single crystals. There are a few directions of improvement of the growth process of large crystals.
The rst one is a group of improvements without changing the construction of the puller, for example using more than one heater, ameliorating the quartz crucibles, using new types of thermal insulation, constructional improvements of heating elements, etc.
Other improvements are more complex. Two of them are described below:
• Magnetic-eld-applied Czochralski (MCZ), leading to signicant reduction of the scale of turbulences, and consequently causing an improvement of single--crystal quality.
• 
Continuous liquid feed method
Research regarding this method originates from the needs to achieve savings in the use of the quartz crucible [12, 14] . Continuous feeding of the crucible with silicon leads to crystals of a mass larger than the mass of original charge. Theoretically, when using the continu- 
Summary
In the article, the currently applied Czochralski technique of silicon single crystal production is presented.
Multiple advantages of the method led to production of such crystals at an industrial scale. The increase of diameter of produced single crystals from 76100 mm to 200300 mm has been accompanied by various improvements, such as magnetic eld application and continuous liquid feeding. It is expected that such improvements will be introduced into commercial production practice.
In particular, the introduction of magnetic elds is expected to take place soon, as multiple possible magnetic--eld settings (especially the second generation elds)
give a big choice of congurations. Moreover, for magnetic eld generations, superconducting magnets at liquid helium temperature can be used with a reduced power cost. Good quality of silicon crystals produced using the MCZ method prove that its application is eective. In the CLF method the main eorts regarding its implementations and improvements are focused on the use of new materials, including, in particular, new crucible materials.
